Borna disease virus (BDV) is a nonsegmented, negativestranded (NNS) RNA virus belonging to the family Bornaviridae in the order Mononegavirales (7, 12) . BDV is noncytolytic and highly neuronotropic (16) . It replicates and transcribes its genome in the nucleus of the cell, a property unique among animal Mononegavirales (9) .
BDV persists in the central nervous systems of infected animals, causing a broad range of neurological symptoms (13, 22, 27) . The infection was initially described in horses and sheep as a nonpurulent, often fatal meningoencephalomyelitis (13, 22, 27) . Infection can also become chronic, leading to persistent behavioral abnormalities (22, 27) . Although most cases described have occurred in Central Europe, BDV seems to have a worldwide distribution (22) . Recent data indicate that the natural host range of BDV is much broader than previously thought (22, 31) . There is clear evidence that BDV can infect humans, although controversy still remains about the epidemiology and clinical consequences of human BDV infection (19, 26) .
The importance of BDV in veterinary medicine and its possible implication as a human pathogen has stimulated many groups to search for a treatment for BDV infections. Amantadine was reported to have an effect against BDV (4) , but other studies failed to confirm this result (8, 17, 32) . Differences in susceptibility to amantadine may be related to the viral strain used, and thus the efficacy of amantadine awaits confirmation from more-comprehensive studies (5) . The broad-spectrum antiviral ribonucleotide analog ribavirin proved to have an effect on BDV in vitro, decreasing both viral particle production and viral RNA levels (20, 23) . However, the activity of ribavirin was modest, and the clinical benefits found in an in vivo trial turned out to be due to an indirect effect of ribavirin on the proliferation of microglial cells (30) . Recently, we reported that the nucleoside analog 1-␤-D-arabinofuranosylcytosine (Ara-C) possesses potent activity against BDV both in vitro and in vivo (1).
Our findings demonstrating an effect of Ara-C against BDV were unexpected, because Ara-C is a well-known specific inhibitor of viral and cellular DNA polymerases (14) . It was surprising to find that it could inhibit BDV, a negative-stranded RNA virus that synthesizes only RNA. In addition, the effect against BDV could not be attributed to any known effect of Ara-C on the host cell (1) . Therefore, we sought to elucidate the mechanism of action of Ara-C on BDV.
In order to test the inhibitory actions of various compounds, we used two previously described methods, allowing the assessment of BDV inhibition under different experimental conditions. The first method consists of analysis of the subcellular localization of BDV nucleoprotein (N) by immunofluorescence (Fig. 1) . In persistently infected Vero cells (Vero-BV cells), BDV N is present both in the nucleus and in the cytoplasm. We showed previously that inhibition of BDV by Ara-C is accompanied by a nuclear relocalization of BDV N (1). This shift in the subcellular localization of BDV N correlates well with inhibition of BDV, and we therefore used this qualitative approach as a first criterion to determine the antiviral activities of the different compounds. The second method (1) is based on the analysis of virus spread between infected and noninfected Vero cells by using flow cytometry (fluorescence-activated cell sorting [FACS] ). BDV is tightly cell associated (15) , and efficient transmission requires close cell-to-cell contact. Virus titers in the supernatants of persistently infected cells are extremely low. Thus, the cell spread assay appears more relevant to the biology of BDV, and we have shown that it is better suited for quantitating viral inhibition, allowing a better comparison of BDV inhibition following different treatments ( Fig. 1; Table 1 ). For both types of experiments, treatment was carried out daily at the indicated doses for a period of 5 days.
We first tested if other nucleoside analogs with an arabinose sugar ring, like Ara-C, were able to inhibit BDV. We used 9-␤-D-arabinofuranosyladenine (Ara-A), 1-␤-D-arabinofuranosyluracil (Ara-U), and 9-␤-D-arabinofuranosylhypoxanthine (Ara-H). Hypoxanthine is an intermediate compound in the synthesis of purinic bases. We also used 5-chloro-1-␤-D-arabinofuranosylcytosine (5-Cl-Ara-C), a modified Ara-C carrying an atom of chlorine at position 5 of the cytosine base. Immunofluorescence analysis revealed that none of these compounds, even at high concentrations, was able to induce nuclear retention of BDV N comparable to that seen after treatment with Ara-C ( Fig. 1 and data not shown) . With Ara-A and 5-Cl-Ara-C, two compounds known to inhibit cellular DNA polymerases, cytotoxicity was clearly visible and could be appreciated by changes in cell morphology and cell density. This indicates that the lack of effect against BDV is not due to poor cellular uptake or metabolism, or to intracellular degradation. Nevertheless, we cannot totally exclude the possibility that differences in the pharmacokinetics of the different compounds may partly explain the results. However, this pharmacokinetic difference is likely to be minor, since all compounds were used over a large range of concentrations, exceeding 20-to 40-fold the optimal concentration of Ara-C against BDV, and we never noted any inhibition of BDV, except by Ara-C. In agreement with data from immunofluorescence studies, FACS analysis of virus spread also revealed that, of all these compounds, only Ara-C was able to inhibit BDV spread ( Fig. 1 and Table 1 ; also data not shown). Interestingly, we observed that treatment with Ara-A, Ara-H, or Ara-U even increased viral spread relative to that among untreated cells. Since these compounds are cytostatic, this result could be related to the fact that BDV replication has been shown to be enhanced after cell growth arrest (24) . Taken together, these data show that the Table 1 and is shown in each case. Note that inhibition of BDV cell-to-cell spread is specific to Ara-C. The negative control consisted of a 1:1 mixture of CFDA-labeled Vero cells with Vero-BV cells, which were fixed directly after mixing. To exert their antiviral effects, most nucleoside analogs must be phosphorylated. Thus, we investigated whether this requirement also applied to the inhibition of BDV by Ara-C. For this purpose, we synthesized a modified Ara-C, 5Ј-deoxy-1-␤-Darabinofuranosylcytosine (5Ј-deoxy-Ara-C) (18) , that cannot be phosphorylated because of the absence of a 5Ј hydroxyl group. Treatment of cells with 5Ј-deoxy-Ara-C had no effect on the localization of BDV N (data not shown) and did not inhibit viral spread (Table 1 ). These results demonstrate that Ara-C must be phosphorylated in order to inhibit BDV.
We then wondered if the antiviral effect of Ara-C could be reversed by adding cytidine (C). In cells treated with 4 M Ara-C together with an excess of C (20 M), BDV N was detected by immunofluorescence in both the nucleus and the cytoplasm (Fig. 1) . In addition, FACS analysis showed a partial recovery of virus spread ( Fig. 1 and Table 1 ). The cytotoxic effect of Ara-C was still visible when cytidine was added simultaneously, indicating that Ara-C could still be phosphorylated into Ara-CTP. These data suggest that cytidine is able to specifically reverse the antiviral effect of Ara-C and that the reversion involves competition between Ara-CTP and CTP, possibly at the level of the viral RNA polymerase. Since the cytotoxic effects of Ara-C were still clearly apparent, it is unlikely that the partial reversion mediated by simultaneous addition of C is a consequence of reversion of the genotoxic effects of Ara-C mediated by C. In addition, to make sure that the reversion seen when C was added was not a consequence of the transformation of CDP into dCDP by ribonucleotide diphosphate reductase (Fig. 2) , we blocked this enzyme with hydroxyurea, a specific inhibitor (3). However, reversion of the antiviral effect of Ara-C still occurred when cytidine was added together with hydroxyurea (data not shown), confirming that reversion of the anti-BDV effect of Ara-C is indeed due to cytidine. Interestingly, reversion of both the antiviral and the cytotoxic effect of Ara-C occurred when cells were treated simultaneously with Ara-C (4 M) and 2Ј-deoxycytidine (dC) (20 M) . This suggests that, in the case of dC, the reversion of the antiviral effect occurs at the initial step of Ara-C phosphorylation, probably by competition between Ara-C and dC for deoxycytidine kinase (Fig. 2) , the enzyme catalyzing the ratelimiting step in the phosphorylation of Ara-C (3).
The results described above strongly suggest that the inhibitory effect of Ara-C on BDV is due to inhibition of the viral replication complex. The recent description of a functional assay for BDV polymerase complex, based on a chloramphenicol acetyltransferase (CAT)-expressing BDV RNA analog (or minigenome), has opened the way for assessing the effect of Ara-C on the BDV polymerase complex (25, 29) . The BDV polymerase complex was reconstituted as described previously (29), by transfecting BSR-T7 cells with optimal quantities of plasmids expressing BDV proteins (L, N, and P) together with the BDV minigenome construct. Furthermore, we cotransfected a plasmid encoding Renilla luciferase under the control of a polymerase II promoter to normalize the CAT signal for transfection efficiency. Cells either were left untreated (positive control) or were treated with increasing doses of Ara-C or other nucleoside analogs, starting at 6 h before transfection. Three days after transfection, the cells were lysed and analyzed for CAT protein levels and luciferase activity by an enzymelinked immunosorbent assay (ELISA) and luciferase-mediated light emission, respectively. CAT values were then normalized for transfection efficacy (Fig. 3) . When cells were treated with were transfected with the minigenome construct together with optimal quantities of the expression plasmids for the BDV L, N, and P proteins. In the negative control (Ϫ), the plasmid encoding BDV L was replaced by the same amount of a plasmid encoding green fluorescent protein. The positive control (ϩ) consisted of untreated cells and was set at 100% in each experiment. For an internal control for transfection efficiency, a plasmid encoding Renilla luciferase under the control of a polymerase II promoter was cotransfected. Seventy-two hours after transfection, the cells were lysed and analyzed for CAT protein and luciferase levels. CAT values were normalized for transfection efficiency and are expressed for each sample as the percentage of the value with the untreated control. Data shown are means (Ϯ standard deviations) for three independent experiments. 4516 NOTES J. VIROL.
Ara-C, we observed a dose-dependent reduction of CAT levels, dropping to Ͻ10% of those with the untreated control for a 5 M concentration of Ara-C. In contrast, treatment with Ara-A or 5-Cl-Ara-C had no effect on the minigenome-driven expression of CAT protein. Thus, these results provide evidence suggesting that Ara-C inhibits BDV polymerase activity directly. Nevertheless, we cannot exclude the possibility that the expression of some yet unknown cellular factor(s) necessary for BDV replication may be modified by Ara-C and may contribute to the phenomenon observed. However, the fact that BDV is the only RNA virus that has been shown to exhibit sensitivity to Ara-C suggests that the effect is rather specific and is not due to a general deregulation of gene expression (1). Given our limited knowledge about the structure and function of the BDV polymerase complex, additional work will be needed to definitely prove that Ara-C indeed has a direct effect on this complex. The results of this study, which was designed to elucidate the mechanism of the action of the nucleoside analog Ara-C on BDV, can be summarized as follows. (i) The effect against BDV is specific for an arabinoside carrying the nitrogen base cytosine and requires phosphorylation of the nucleoside. (ii) The inhibition of BDV by Ara-C can be reversed by treatment with an excess of cytidine. (iii) Using the recently developed BDV minigenome assay, we provide evidence suggesting a direct effect of Ara-C on the BDV polymerase complex. Taken together, these results show that Ara-C likely acts as a competitive inhibitor of the BDV polymerase complex. To our knowledge, this is the first indication that Ara-C, a well-known inhibitor of DNA polymerases, may inhibit an RNA-dependent RNA polymerase.
This possible sensitivity of the BDV polymerase complex to Ara-C raises interesting questions about the substrate selectivity of the BDV polymerase (L) and led us to suggest possible explanations, which are set forth below. Sequence comparisons between various RNA polymerases, including those of Mononegavirales (L family), have been reported. Four conserved motifs, designated A, B, C, and D, have been described and are also conserved within all RNA-dependent polymerases of eukaryotes. These motifs define a "polymerase module," and two of them are also present in monomeric DNA-dependent polymerases (11, 28) . The crystal structure of the RNA-dependent RNA polymerase of hepatitis C virus has revealed that motif A is implicated in the binding of the incoming nucleoside triphosphate (NTP) (6). This motif A contains an invariant aspartate residue, present in all RNA polymerases, as well as an invariant lysine residue found in motif A of the polymerases of all NNS RNA viruses. Site-directed mutagenesis studies performed on human immunodeficiency virus type 1 reverse transcriptase have shown that mutation of the invariant aspartate residue completely destroys polymerase activity (21) . For BDV L, this aspartate residue is also conserved. However, in BDV L, a serine residue is found in place of the invariant lysine residue present for all other negative-stranded RNA viruses (10). Thus, it is possible that this change might modify the selectivity of BDV L to nucleoside analogs and in particular to Ara-C. This provides a working hypothesis to explain why BDV is the only NNS RNA virus shown to date to be sensitive to Ara-C. Now that it is becoming possible to test the effect of mutations of the BDV polymerase complex by using the minigenome assay, it will be of interest in the future to assess the effects of mutations in BDV L, in particular in domain A, implicated in NTP selection and binding, on its sensitivity to Ara-C.
Given the importance of BDV in veterinary medicine and its possible involvement in the etiology of human behavioral diseases, the development of effective therapy against this infectious agent is needed. Despite its efficacy in vitro and in vivo, the toxicity of Ara-C poses an obstacle to its therapeutic use. Searching for a less toxic antiviral agent, we recently showed that the nucleoside analog 2Ј-fluoro-2Ј-deoxycytidine (2Ј-FdC), structurally close to Ara-C, is an attractive candidate (2) . A better understanding of the mechanism of action of these nucleoside analogs on the BDV replication complex, such as that shown in this study, will contribute to the development of new therapeutic molecules aimed at the efficient control of BDV infections.
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